In ϳ50% of prostate cancers, chromosomal rearrangements cause the fusion of the promoter and 5-UTR of the androgenregulated TMPRSS2 (transmembrane protease, serine 2) gene to the open reading frame of ERG, encoding an ETS family transcription factor. This fusion results in expression of full-length or N-terminally truncated ERG protein in prostate epithelia. ERG is not expressed in normal prostate epithelia, but when expressed, it promotes tumorigenesis via altered gene expression, stimulating epithelial-mesenchymal transition, cellular migration/invasion, and transformation. However, limited knowledge about the molecular mechanisms of ERG function in prostate cells has hampered efforts to therapeutically target ERG. ERK-mediated phosphorylation of ERG is required for ERG functions in prostate cells, but the reason for this requirement is unknown. Here, we report a mechanism whereby ERKmediated phosphorylation of ERG at one serine residue causes a conformational change that allows ERK phosphorylation at a second serine residue, Ser-96. We found that the Ser-96 phosphorylation resulted in dissociation of EZH2 and SUZ12, components of polycomb repressive complex 2 (PRC2), transcriptional activation of ERG target genes, and increased cell migration. Conversely, loss of ERG phosphorylation at Ser-96 resulted in recruitment of EZH2 across the ERG-cistrome and a genome-wide loss of ERG-mediated transcriptional activation and cell migration. In conclusion, our findings have identified critical molecular mechanisms involving ERK-mediated ERG activation that could be exploited for therapeutic intervention in ERG-positive prostate cancers. . 3 The abbreviations used are: PRC2, polycomb repressive complex 2; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; PMA, phorbol 12-myristate 13-acetate.
ERG is a member of the ETS family of transcription factors that is implicated in endothelial differentiation, angiogenesis, hematopoiesis, and bone development (1) . In ϳ50% of prostate cancers, chromosomal rearrangements cause the fusion of the promoter and 5Ј-UTR of the androgen-regulated TMPRSS2 gene to the open reading frame of ERG resulting in expression of either full-length or N-terminally truncated ERG protein in prostate epithelia (2) . Mice engineered to express ERG in the prostate epithelia develop prostate adenocarcinoma, but only when this aberrant ERG expression is coupled with a second mutation activating PI3K/AKT or androgen receptor signaling (3) (4) (5) . Various genome-wide studies have identified ERG-induced gene expression programs responsible for oncogenic phenotypessuchascellmigrationandinvasion,anchorage-independent growth, and cellular transformation (6 -8) . However, the molecular mechanisms by which ERG activates or represses transcription of target genes are not well understood.
Post-translational modifications such as phosphorylation commonly modulate the functions of ETS transcription factors by mechanisms such as increasing nuclear concentration (9) , changing DNA affinity (10) , or changing the affinity for co-regulators (11) . We previously reported that, in vitro, ERK binds an FIFP docking sequence (DEF motif) in ERG to phosphorylate Ser-215 (12) . We also showed that ERG Ser-215 was phosphorylated by ERK in prostate cells, and this event was necessary for ERG to promote transcriptional activation and cell migration. However, the consequence of Ser-215 phosphorylation on the molecular function of ERG is unknown.
ERG is known to cooperate with co-regulators to alter transcriptional output of target genes. Co-activators such as EWS, CBP/p300, BRD4, PARP1, and DNA-PKcs have been implicated in the transactivation function of ERG (8, (13) (14) (15) ). In contrast, co-repressors such as polycomb repressive complex 2 (PRC2) 3 and histone deacetylases are known to repress ERGmediated transcription (16, 17) . Although these co-regulators are imperative for ERG function, it is not known whether phosphorylation of ERG has any effect on interactions with these co-regulators.
Here, we demonstrate that phosphorylation of Ser-215 leads to a conformational change in ERG that primes a second serine, Ser-96, for phosphorylation by ERK. Phosphomimetic and phosphor-null mutants indicate that the ability of ERG to activate gene expression and promote prostate cell migration is dependent solely on phosphorylated Ser-96, whereas Ser-215 phosphorylation is required to allow Ser-96 phosphorylation. Phosphorylation at Ser-96 resulted in dissociation of the PRC2 subunits EZH2 and SUZ12 from ERG. Further, the phosphonull mutant S96A was associated with increased EZH2 recruitment across the ERG cistrome and a failure to activate an ERGdependent gene expression program. These data suggest that ERK potentiates transactivation and cell migration, promoting functions of ERG by phosphorylation-induced dissociation of the PRC2 complex.
Results

Phosphorylated Ser-215 primes Ser-96 phosphorylation by ERK
ERK binds D or DEF docking domains in target proteins and phosphorylates serine or threonine residues present within consensus PX(SP/TP) or sometimes SP/TP motifs (18) . ERG has two putative D domains and one canonical DEF domain ( Fig. 1A and supplemental Fig. S1 ) (12) . We previously found that ERK binds the DEF domain in ERG (sequence FIFP) and phosphorylates nearby Ser-215 (12) . In addition, our results suggested that Ser-96 could be a secondary phosphorylation site that may be dependent on prior phosphorylation of Ser- Numbering is based on NCBI isoform 1, NP_891548. B, in vitro phosphorylation by ERK2 of ERG and ERG mutants. Coomassie (CBB)-stained SDS gel (bottom panel) and autoradiograph of 32 P-labeled (P32) ERG (top panel) are shown. BSA was included in this, but not subsequent kinase reactions, because it had no effect on specificity. C, immunoblot of purified ERG or ERG S96A protein with Ser(P)-96 (S96-P), Ser(P)-215 (S215-P), or pan-ERG antibody after phosphorylation by ERK2 (ϩ ATP) or mock treatment (Ϫ ATP). D, immunoblot with either Ser(P)-96, Ser(P)-215, or FLAG antibodies of whole cell extract (Input) or protein immunoprecipitated (IP) with FLAG antibody from indicated FLAG-ERG expressing RWPE1 cells. E, firefly luciferase levels in RWPE1 cells expressing indicated constructs shown relative to control Renilla luciferase as means and S.E. (n ϭ 3). Protein levels shown by immunoblot (lower panel). F, in vitro ERK2 phosphorylation of indicated constructs as in B. G, IP immunoblot as in D. H, immunoprecipitated immunoblot as in D, but with extracts from RWPE1-ERG cells treated with MEK inhibitor (10 M U0126) or DMSO for 6 h prior to immunoprecipitation. I, in vitro ERK2 phosphorylation as in B with the indicated proteins. I, kinase assay as in B. J, IP immunoblot as in D, with RWPE1 cells expressing indicated ERG mutants. 215. To further confirm this observation, ERK2 was used to in vitro phosphorylate purified ERG phospho-null mutants and a DEF docking domain mutant (FIFP to AAAP). All phosphorylation was ablated in ERG S215A and ERG AAAP, whereas the signal partially decreased in ERG S96A (Fig. 1B) . In contrast, there was no change in the phosphorylation signal in negative control ERG S81A, where a non-phosphorylated serine is changed to an alanine ( Fig. 1B) . To test site-specific phosphorylation in cells, a phospho-specific antibody was raised to ERG phosphorylated at Ser-96 (Ser(P)-96). A phospho-specific antibody against ERG Ser-215 (Ser(P)-215) has been described previously (12) . Both phospho-specific antibodies failed to detect ERG protein purified from a bacterial expression system unless the protein was phosphorylated using purified ERK2 (Fig. 1C ). An immortalized normal prostate epithelial cell line (RWPE1), which does not express endogenous ERG, was modified to stably express 3ϫFLAG-ERG (RWPE-ERG). ERG was immunoprecipitated from RWPE-ERG cells with FLAG antibody and immunoblotted with FLAG and phospho-specific antibodies. Both Ser(P)-96 and Ser(P)-215 antibodies detected a band the same size as ERG only from cells expressing ERG and not empty vector ( Fig. 1D ). Bands corresponding to both Ser(P)-96 and Ser(P)-215 disappeared when ERG S215A or ERG AAAP was expressed, whereas only the Ser(P)-96 band was absent when ERG S96A was expressed ( Fig. 1D ). Therefore, both in vitro and in cells, Ser-96 phosphorylation is dependent on Ser-215 and the FIFP ERK-docking sequence.
To further confirm that ERG Ser-215 phosphorylation is required for subsequent Ser-96 phosphorylation, a phosphomimetic S215D mutant was tested. Using a luciferase reporter construct that we previously demonstrated is activated by ERG (8), we found that ERG S215D activates transcription more strongly than wild-type ERG, consistent with a phosphomimetic function ( Fig. 1E ). ERG S215D was purified and subjected to in vitro phosphorylation by ERK2. Unlike purified ERG S215A, which was not phosphorylated, ERK phosphorylated purified ERG S215D to a similar extent as ERG S96A, consistent with a single phosphorylation event ( Fig. 1F ). Loss of this phosphorylation in an S96A/S215D double mutant indicated that this single phosphorylation event occurs at Ser-96 ( Fig. 1F ). To verify this result in cells, each of these mutants was expressed in RWPE1 cells, and Ser(P)-96 was monitored by immunoblot. In RWPE1 cells, ERG S215D was phosphorylated at Ser-96, but this band was lost in the ERG S96A-S215D double mutant ( Fig. 1G ). These findings indicate that prior phosphorylation of ERG at Ser-215 is required for Ser-96 phosphorylation both in vitro and in cells.
Although ERK phosphorylated ERG Ser-96 in vitro, it was not clear whether ERK or some other kinase was responsible for Ser-96 phosphorylation in cells. MEK is upstream of ERK in the MAPK pathway and is responsible for phosphorylation and activation of ERK (19, 20) . We found that the MEK inhibitor U0126 decreased phosphorylation of ERK and decreased phosphorylation of ERG at both Ser-96 and Ser-215 ( Fig. 1H ). However, because Ser-96 phosphorylation is dependent on prior Ser-215 phosphorylation, this experiment was repeated with the ERG S215D construct to decouple this dependence. Again, in the ERG S215D mutant, the MEK inhibitor reduced phos-phorylation at Ser-96, consistent with ERK phosphorylating both Ser-96 and Ser-215 in RWPE1 cells ( Fig. 1H ).
In ERG, the FIFP ERK-binding sequence is only 14 amino acid residues from Ser-215, whereas Ser-96 is 133 residues away ( Fig. 1A ). We hypothesized that conformational changes associated with Ser-215 phosphorylation may either bring the FIFPbound ERK closer to Ser-96 for phosphorylation or may expose a non-canonical ERK binding site near Ser-96. To differentiate between these models, FIFP was mutated to AAAP in the background of S215D. Interestingly, Ser-96 phosphorylation present in the S215D single mutant was lost in the S215D-AAAP double mutant, both in vitro and in RWPE1 cells (Fig. 1, I and J) . These findings are consistent with a model that ERK binds to the FIFP sequence and phosphorylates Ser-215, and then ERK remains bound to FIFP and phosphorylates Ser-96.
Phosphorylation at Ser-215 is associated with secondary and tertiary structural changes in ERG
Our model is that upon phosphorylation at Ser-215, ERG undergoes a conformational change to bring Ser-96 in proximity to ERK bound to FIFP. To test changes in secondary structure of ERG, the far-UV CD spectrum of purified ERG, ERG S215A, and ERG S215D was recorded. Strikingly, ERG and ERG S215A had similar CD spectra, whereas ERG S215D was dramatically different and contained 70% more ␣-helix than WT ( Fig. 2A) . These data suggest that Ser-215 phosphorylation induces a more compact conformation by increasing ␣-helix content at the expense of random coil.
To determine tertiary structural changes, purified ERG, ERG S215A, and ERG S215D were subjected to partial proteolytic digestion with trypsin and chymotrypsin ( Fig. 2B ). ERG S215D displayed protected fragments in both chymotrypsin ( Fig. 2B , left panel, peptides indicated by arrow, compare lanes 4 and 5) and trypsin ( Fig. 2B , right panel, peptides indicated by square bracket, compare lanes 4 and 5) digestion that were quickly lost in ERG and ERG S215A. This indicates a structural difference caused by the phosphomimetic mutation. To directly monitor Ser-215 phosphorylation induced tertiary structural changes, ERG was phosphorylated by ERK2 and subjected to chymotrypsin partial digestion. A protected band similar to that of S215Ddigested products ( Fig. 2B ) was also observed in phosphorylated ERG (peptides indicated by arrow, compare lanes 2 and 4 in Fig. 2C ). Under similar conditions, digestion of ERG S215A did not show any changes in proteolytic products (peptides indicated by arrow, compare lanes 6 and 8 in Fig. 2C ). Overall these findings suggest that ERG undergoes secondary and tertiary structural changes when Ser-215 is phosphorylated.
Ser-96 phosphorylation potentiates transcriptional activation and cell migration functions of ERG
ERG can activate genes that induce cell migration by binding to cis-regulatory sequences consisting of neighboring ETS and AP-1 transcription factor-binding sites (6) . To measure phosphorylation-induced transcriptional activation, a firefly luciferase reporter driven by an ETS/AP-1-containing enhancer was used (8) . This ETS/AP-1 reporter was co-transfected with constructs expressing 3ϫFLAG-ERG and its mutants into RWPE1 cells. ERG activated the reporter compared with vector control ERG phosphorylation dissociates PRC2 (Fig. 3A) . Reporter activation decreased with S96A and S215A mutations, indicating that these residues are important for transcriptional activity of ERG ( Fig. 3A) . Interestingly, an increase in reporter activity was observed with phosphomimetic ERG S96E, and this was unchanged with ERG S96E/ S215A double mutant (Fig. 3A ). Because genes regulated by ETS/AP-1 enhancers regulate cell migration, we measured the ability of WT and mutants to drive cell migration when stably expressed in RWPE1 cells (Fig. 3B, top ). S96A and S215A mutations inhibited the ability of ERG to promote cell migration ( Fig. 3B ). Similar to the luciferase reporter data, an increase in cell migration with phosphomimetic ERG S96E was unchanged in the ERG S96E/S215A double mutant ( Fig. 3B ). ERG and mutant ERG expression did not affect cell proliferation (supplemental Fig. S2 ). Together, these findings suggest that phosphorylation at Ser-96 potentiates cell migration and transactivation functions of ERG, whereas Ser-215 phosphorylation is only required to allow Ser-96 phosphorylation.
ERK phosphorylates TMPRSS2-ERG gene fusion protein products
TMPRSS2-ERG fusions can express either full-length ERG or N-terminal deletions of 32 (most common) or 92 (less frequent) amino acids (2, 21) . Because these deletions result in loss of a predicted D motif ( Fig. 1A) and are in close proximity to Ser-96, we tested whether their absence altered phosphorylation. In vitro, ERK2 phosphorylated ERG⌬32 and ERG⌬92 similarly to full-length ERG (Fig. 4A ). Similarly, Ser(P)-96 and Ser(P)-215 signal was unchanged in both deletion mutants of ERG expressed in prostate cells (Fig. 4B ). Because phosphorylation at Ser-96 induces cell migration, we checked the ability of deletion mutants to drive cell migration. Both ⌬32 and ⌬92 ERG expressed at similar levels to full-length ERG in RWPE1 cells, and both induced cell migration similar to full-length ERG (Fig. 4C ). These data suggest that N-terminal truncations found in prostate tumors have no effect on ERK-mediated phosphorylation and the cell migration function of ERG.
Some ERG splicing isoforms lack exon 9 that codes for 24 amino acids including the ERK-binding motif "FIFP" (DEF motif). Inclusion of this exon in TMPRSS2-ERG fusion transcripts has been shown to be critical for the cell migration function of ERG (22) . Furthermore, multiple studies have shown that the expression of TMPRSS2-ERG fusion transcripts with exon 9 was higher in tumors than transcripts that lacked this 
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exon (22) (23) (24) . We previously showed that an ERG isoform that lacks exon 9, and the FIFP motif is not phosphorylated at Ser-215 and fails to induce cell migration (12) . As expected, Ser-96 was also not phosphorylated when ERG lacking exon 9 was expressed in RWPE1 cells (Fig. 4D ). Therefore, these data indicate a critical role for exon 9 and the FIFP motif in ERG function.
ERK disrupts ERG-PRC2 interaction by phosphorylation at Ser-96
Phosphorylation can alter the affinity of ETS proteins to their co-regulators (11, 25) . To test whether phosphorylation at Ser-96 alters interactions with known ERG co-regulators, we incubated purified ERG and ERG S96E with nuclear extracts from the prostate cancer cell line PC3 and monitored binding of 
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co-regulators with specific antibodies. Interaction with two known co-activators, EWS (8) and CBP (14) , was unchanged between ERG and ERG S96E (Fig. 5A ). We next considered co-repressors. ERG can recruit EZH2, the enzymatic component of PRC2 to target genes to repress expression (16, 17) . In our assay, ERG bound to EZH2, but ERG S96E did not, suggesting that phosphorylation could block EZH2 binding (Fig. 5A) . To map the region of ERG that interacts with EZH2, ERG deletion mutants were purified and incubated with PC3 nuclear extract. EZH2 interacted with ERG ⌬32 and ERG ⌬92, whereas the EZH2 interaction was lost in an ERG ⌬200 deletion (Fig.  5B ). Thus the region between residues 93-200 in ERG that includes the Ser-96 phosphorylation site and the pointed domain is necessary for EZH2 binding.
To validate the phosphorylation regulated binding of EZH2 in cells, we immunoprecipitated FLAG-tagged ERG and its mutants from RWPE1 cells and probed for EZH2 and the PRC2 complex subunit SUZ12. Interestingly the phospho-null mutant S96A bound both EZH2 and SUZ12 better than wild-type ERG, whereas the interaction was lost in the S96E mutant (Fig.  5C ). To directly test that ERK regulates PRC2 binding to ERG, RWPE1-ERG cells were treated with the MEK inhibitor to decrease ERK activation. Upon MEK inhibition, phosphorylated (activated) ERK decreased, and by co-immunoprecipitation, Figure 5 . Phosphorylation of ERG at Ser-96 decreases its affinity for the PRC2 complex. A, pulldown of EZH2/CBP/EWS from PC3 nuclear extracts. The indicated N-terminal His-tagged ERG constructs were immobilized to beads, incubated with PC3 nuclear extract, and washed. EZH2/CBP/EWS binding was visualized by immunoblot. Ponceau stain of the same blots show input amount of His-ERG. B, pulldown of EZH2 as in A but with full-length and indicated deletion mutants of ERG. EZH2/CBP/EWS binding was visualized by immunoblot (top panels, IP). Ponceau stain shows amount of His-ERG present (bottom panels, Input). C, co-immunoprecipitation using ERG antibody from nuclear extracts prepared from RWPE1 cells expressing vector or indicated FLAG-tagged WT and mutants of ERG, followed by immunoblotting for EZH2, SUZ12, and FLAG. D, co-immunoprecipitation of ERG as in C but with cells treated either with 20 M U0126 or mock treatment for 6 h. E, VCaP cells with or without PMA treatment (1 h 200 nM) were immunoprecipitated with ERG antibody or IgG control and immunoblotted for indicated proteins.
the interaction between ERG and both EZH2 and SUZ12 increased (Fig. 5D ). To test this interaction in prostate cancer cells with a TMPRSS2/ERG fusion gene, VCaP cells were treated with the phorbol ester PMA for 1 h to activate ERK. This treatment resulted in decreased interaction between ERG and EZH2 (Fig. 5E ). Collectively, these data indicate that PRC2 complex binding to ERG is inhibited by ERK phosphorylation of ERG at Ser-96.
Dissociation of EZH2 from the ERG cistrome is critical for activation of ERG target genes
To test whether Ser-96 phosphorylation alters genomic binding of ERG, we compared ChIP-seq of ERG, ERG S96A, and ERG S96E expressed in RWPE1 cells using an anti-ERG antibody. A total of 4565 regions were called as ERG-bound in one or more of these three data sets. A comparison of ERG, ERG S96A, and ERG S96E across all of these possible ERG-bound regions revealed co-occurrence at most sites (Fig. 6A ). We then compared these data sets at 2314 genomic regions previously identified as ERG-bound by anti-FLAG ChIP-seq in 3ϫFLAG-ERG-expressing RWPE1 cells (6) . ERG, ERG S96A, and ERG S96E bound these 2314 ERG targets to a strikingly similar extent ( Fig. 6B and supplemental Fig. S3A ). Therefore, we concluded that Ser-96 phosphorylation does not significantly alter the ability of ERG to bind chromatin.
To test whether phosphorylation at Ser-96 affects recruitment of EZH2 to the ERG cistrome, ChIP-seq was used to map EZH2 binding in RWPE1 cells expressing empty vector, ERG, ERG S96A, or ERG S96E. Strikingly, at the 2314 previously identified 3ϫFLAG-ERG target sites, EZH2 enrichment was drastically increased in RWPE-ERG S96A cells compared with RWPE1 empty vector, RWPE1-ERG, or RWPE1-ERG S96E cells ( Fig. 6C and supplemental Fig. S3A ). In contrast, EZH2 enrichment at ERG-independent sites (sites with EZH2 genomic occupancy in RWPE1 cells expressing empty vector) was similar in RWPE-ERG, RWPE-ERG S96A, and RWPE-ERG S96E cells ( Fig. 6D and supplemental Fig. S3B ), indicating that the increase in EZH2 occupancy when ERG S96A is present was limited to ERG target sites. Overall, these data indicate that blocking ERK phosphorylation of ERG at Ser-96 results in EZH2 occupancy across the ERG cistrome.
The canonical role of EZH2 and the PRC2 complex is transcriptional repression (26) . In this case, genes activated by ERG would be turned off when the PRC2 complex is recruited to ERG targets. To test this hypothesis, we compared gene expression by RNA-seq in RWPE1 empty vector, RWPE-ERG, RWPE-ERG S96A, and RWPE-ERG S96E cells. We analyzed a list of 451 ERG target genes (supplemental Table S1 ) that were both significantly up-regulated by ERG expression in RWPE1 cells (greater than 1.5-fold change and adjusted p value Ͻ 0.05) and had a neighboring ERG-bound region in either of two published RWPE1-ERG ChIP-seq data sets (6, 8) . These 451 ERG target genes showed a significant (p Ͻ 0.001) loss of activation in RWPE-ERG S96A cells compared with RWPE-ERG cells but maintained activation in RWPE-ERG S96E cells ( Fig. 6E and supplemental Table S1 ). In fact, 91% of these genes had lower expression in cells expressing ERG S96A compared with ERG (supplemental Fig. S3C ). These findings indicate that the EZH2 and the PRC2 complex repress activation of an ERG-induced gene expression program until ERG is phosphorylated by ERK.
Discussion
Here, we find that phosphorylation of ERG Ser-215 induces a conformational change that facilitates Ser-96 phosphorylation. Further, ERK utilizes the same FIFP docking motif to phosphorylate both Ser-215 and Ser-96 residues. Interestingly, Ser-96 Figure 6 . Phosphorylation-induced dissociation of EZH2 increases transcriptional activation function of ERG. A, ChIP with anti-ERG antibody in RWPE1 cells expressing ERG-WT, ERG-S96A, or ERG S96E. Enrichment is shown at all 4565 regions that were called as peaks in any of the three data sets. B, ratio of ERG ChIP-seq reads to input reads from RWPE1 cells expressing indicated version of ERG is shown averaged across 2314 regions previously reported as ERG-bound in RWPE1 cells (6) . C, comparison of EZH2 ChIP-seq in RWPE1 cells expressing indicated constructs, as in B. D, average ratio of EZH2 ChIP-seq reads to input reads, as in C, but at the 3116 regions bound by EZH2 in RWPE1 cells expressing empty vector. E, box plots show expression levels of 451 genes significantly activated by ERG-WT in RWPE1 compared with vector only. Boxes show median and 10th and 90th percentiles; bars encompass all values except outliers.
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phosphorylation was required for transactivation and cell migration functions of ERG via dissociation of the PRC2 complex, whereas Ser-215 was required to allow Ser-96 phosphorylation. Together, these findings indicate a mechanism for ERK-mediated activation of ERG function in prostate cells.
In prostate cancer, somatic mutations that activate RAS-MAPK pathway are rare (27) . However, we previously found that ERG is phosphorylated by ERK in prostate cells with a wild-type RAS/MAPK pathway and with low levels of ERK activity (12) . This low level ERK activation could be due to growth factors in the media or a feedback loop driven by ERG itself (28) . The ability of ERK to phosphorylate ERG even at low levels is due to the high-affinity ERK-binding motif (FIFP) and contrasts with other ETS proteins such as ETS1 that have lower affinity ERK-binding domains and require higher levels of ERK activity for their function (12) . Therefore, it may be that lowlevel ERK activity promoted by the tumor microenvironment could be necessary for ERG function in tumors.
It has been previously proposed that ERG recruits the PRC2 complex to catalyze H3K27me3 modification, resulting in repression of ERG target genes (16, 17) . Here we find that ERG phosphorylation at Ser-96 by ERK dissociates PRC2 from ERG targets to activate expression of genes. It is possible that both activating and repressive functions of ERG occur at the same time, but at distinct target genes. It is known that ERK can be recruited to specific cis-regulatory elements. In embryonic stem cells, ERK2 binds chromatin near ETS binding sequences and is associated with gene activation (29) . Strikingly, this study found that cis-regulatory elements that have ETS binding sequences but lack ERK2 are bound by EZH2 and SUZ12. Therefore, it is interesting to speculate that the difference between an ERG-activated and an ERG-repressed gene might be the presence of ERK at the cis-regulatory element and the subsequent phosphorylation of ERG at Ser-215 and Ser-96.
In addition to dissociation of the PRC2 complex from ERG, we cannot rule out that Ser-96 phosphorylation may trigger additional post-translational modifications and/or may enhance binding of co-activators to ERG. In leukemia cells, CBP/p300 can add acetyl groups to Lys-89 and Lys-92 residues of ERG. Diacetylation of ERG results in recruitment of the coactivator BRD4, which promotes transcriptional activation of ERG target genes (14, 15) . There is evidence that ERG Ser-96 is also phosphorylated in leukemia cells (30) . The proximity of the p300/CBP acetylation sites and the Ser-96 phosphorylation site suggests that interdependency between Ser-96 phosphorylation and acetylation and recruitment of BRD4 should be investigated in the future.
ERG gene fusions are the most common genetic lesions in prostate cancer and are implicated in both initiation and cancer progression (31, 32) . Thus elucidating mechanisms by which ERG can induce prostate cancer is critical for targeted therapeutics. Our findings demonstrate a novel mechanism by which ERK-mediated sequential phosphorylation activates transcriptional activity of ERG that contributes to prostate cell migration. Recently, several novel inhibitors targeting Ras-ERK pathway have shown significant clinical outcome against metastatic melanoma (33) . Because ERK-mediated phosphorylation is critical for ERG functions in the prostate, these inhibitors could be tested for efficacy in ERG-positive prostate cancer in the future.
Experimental procedures
Protein purification and immunoblotting
Purification of full-length ETS proteins was previously described (12) . Deletions and point mutations of ERG were cloned into pET28a (Novagen), expressed in Escherichia coli BL21 pRIL, and purified using nickel-nitrilotriacetic acid-agarose resin (Qiagen) using the same protocol as the full-length ETS proteins. Activated ERK2 enzyme was purified from bacteria as previously described (12) . Antibodies for immunoblotting were ERG (catalog no. CM 421; Biocare), EWS (catalog no. sc-28327; Santa Cruz Biotechnology), EZH2 (catalog no. 5246; Cell Signaling), SUZ12 (catalog no. 3737; Cell signaling), ERK1/2 (catalog no. Sc-94; Santa Cruz Biotechnology), pERK1/2 (catalog no. Sc-7383; Santa Cruz Biotechnology), tubulin (catalog no. T9026; Sigma), and FLAG (catalog no. F1804; Sigma). Total protein extract from equal number of cells was separated on SDS-PAGE gels and immunoblotted by standard procedures.
Phosphorylation of ETS proteins
Kinase reactions were performed as described previously (12) . Briefly, 5 nM ERK2 was incubated with 1.5 M ERG protein in kinase buffer (25 mM Tris, pH 7.9, 1 mM DTT, 10 mM magnesium acetate, 2 mM ATP, 12 mM ␤-glycerophosphate, 0.5 mM Na 3 VO 4 , 5% glycerol, 87.5 mM KCl, and 8 Ci of 3 Ci/mol [␥-32 P]ATP) for 30 min at 30°C. The reactions were stopped by the addition of 4% SDS loading dye and electrophoresed on a SDS-PAGE gel. The gels were stained with Coomassie Blue, and radioactivity was detected by PhosphorImaging (Amersham Biosciences Typhoon 9210).
Circular dichroism spectroscopy and partial protease digestion
Purified ERG and its mutants were diluted in 10 mM potassium phosphate buffer, pH 7.4, to a concentration of 100 g/ml. CD spectra were recorded in Jasco J-715 spectropolarimeter using a 1-mm quartz cuvette with a bandwidth of 1 nm. The spectra thus obtained were smoothed and corrected for buffer contribution. The percentage values of each structural element in WT and its point mutants of ERG were calculated from the CD data using K2D2 algorithm (34) . Limited digestion of 2 g of purified ERG and its mutants was carried out with 5 ng of trypsin (catalog no. 6502; Calbiochem) or 5 ng of chymotrypsin (catalog no. C7752; Sigma) at room temperature for the indicated time points in trypsin reaction buffer (20 mM Tris, pH 7.5, and 100 mM NaCl) or chymotrypsin reaction buffer (25 mM Tris, pH 7.1, and 100 mM NaCl), respectively. Digested protein products were run on SDS-PAGE gel and stained with Coomassie Blue.
Viral vector expression in RWPE1 cells and phenotypic assays
Cell lines were cultured according to ATCC guidelines. N-terminal 3ϫFLAG ERG and its point mutants were cloned into HNRNPA2B1 promoter containing pLHCX vector (Clon-
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tech) and stably expressed in RWPE1 cells via retrovirus as described previously (8) . Migration assays were carried out as previously described (8) . Briefly, 5 ϫ 10 4 cells were introduced to the Transwell (8-m pore size; BD Bioscience) and incubated for 60 -70 h. The migrated cells are reported as the mean of at least three biological replicates with two technical replicates each. Cell proliferation was measured using MTT reagent (Calbiochem) as previously described (8) . Briefly, ϳ1500 cells were seeded in quadruplicate onto a 96-well tissue culture plate and incubated at 37°C for up to 5 days. MTT reagent (5 mg/ml in PBS) was added to cells each day and incubated for at least 4 h, and then the medium was removed, and DMSO was added. Absorbance (600 nm) was measured using a micro-plate reader ELx8200 (Biotek Instruments). Proliferation is reported as the mean of at least three biological replicates with four technical replicates each.
Luciferase reporter assay
Dual luciferase reporter assay (Promega) was used to measure luciferase activity as previously described (8) . A pGL4.25 firefly reporter plasmid containing a 474-bp (chr1:38465034 -38465507, hg19) FHL3 enhancer with ETS-AP1 sequence was used. In brief, ϳ2.5 ϫ 10 5 RWPE1 cells were plated in a 6-well tissue culture plate. After 24 h, the cells were co-transfected with ERG wild-type and point mutants overexpression, firefly, and Renilla (pRL-TK) plasmids using Trans-IT 2020 transfection reagent (Mirus). After 24 h of incubation, the cells were lysed using passive lysis buffer, and luciferase activity was measured using Appliskan microplate reader (Thermo Scientific).
Firefly luciferase values were normalized to Renilla values.
Immunoprecipitation, co-immunoprecipitation, and pulldown assays
RWPE1 cells were treated with MEK1/2 inhibitor (10 M, catalog no. U0126; Cell Signaling) or DMSO. Post-treatment, the cells were washed with PBS and homogenized in RIPA buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Nonidet P-40, 1% sodium deoxycholic acid, 0.1% SDS, 50 mM ␤-glycerophosphate, 10 mM NaF, 0.5 mM DTT) through sonication. Protein lysates were added to either anti-FLAG M2 magnetic beads (Sigma) or anti-ERG-conjugated magnetic beads and rotated overnight. The beads were washed four times with RIPA buffer and immunoblotted. The nuclei were isolated from RWPE1 cells using cell lysis buffer (50 mM Hepes-KOH, pH 8.0, 140 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 10% glycerol, 0.5% Nonidet P-40, 0.25% Triton X-100). The nuclei were lysed with Nonidet P-40 lysis buffer (50 mM Tris-HCl, pH 7.4, 250 mM NaCl, 5 mM EDTA, 50 mM NaF, and 1% Nonidet P-40). Nuclear lysates were centrifuged at 15,000 rpm to obtain clear supernatants. The indicated antibodies were added to supernatants and rotated overnight in a rocker. 50 l of Dynabeads (Invitrogen) were added and rotated for 2 h in a rocker. The beads were washed four times with Nonidet P-40 lysis buffer and immunoblotted. VCaP cells were treated with PMA (200 nM; Sigma-Aldrich) or DMSO for 1 h. Post-treatment, the cells were washed with PBS and homogenized in Nonidet P-40 lysis buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 1 mM EDTA, 0.5% Nonidet P-40, 50 mM NaF, 1/250 protease inhibitor) through sonication, and protein lysates were rotated overnight with anti-ERG-conjugated magnetic beads and washed with 1ϫ TBS four times.
His-tagged purified ETS and its deletion fragments were diluted in 300 l of binding/wash buffer (100 mM sodium phosphate, pH 8.0, 600 mM NaCl, and 0.02% Tween 20) and incubated with 2.5 l of His tag Dynabeads (Life Technologies) for 2 h in a rocker. Unbound ETS proteins were removed by washing the beads two times with binding/wash buffer. To the beadbound ETS proteins, ϳ14 g of PC3 nuclear extracts (catalog no. sc-2152; Santa Cruz Biotechnology) were added and rotated for 1-2 h. The beads were washed four times with Nonidet P-40 lysis buffer, and bead-bound proteins were eluted using SDS protein loading dye. Eluted proteins were separated in a SDS gel and transferred to a nitrocellulose membrane, which was Ponceau-stained (0.1% in 5% acetic acid) and immunoblotted.
Chromatin immunoprecipitation and ChIP-seq
ChIP of indicated proteins were performed from RWPE1 cells as described previously (6), using the same antibodies described for immunoblotting. ChIP enrichment was assessed using quantitative PCR and standard curves to measure copy number of the locus of interest and one negative control loci using DNA oligonucleotides previously described (8) . For nextgeneration sequencing, purified ChIP DNA from at least three biological replicates were pooled and sheared in a Diagenode Bioruptor to obtain DNA fragments of ϳ150 bp. Sheared DNA was end-repaired and ligated to indexing primers provided in Truseq sample preparation kit (Illumina). DNA libraries were pooled and sequenced in an Illumina Hiseq 2000 or Next Seq 500 sequencer according to the manufacturer's protocol.
Reads from ChIP and input controls were aligned to human genome (hg19; UCSC). ERG bound regions were identified using Peak calling program Useq (peak shift, 250 bp; sliding window, 500 bp) (35) . The ERG ChIP-seq in RWPE1-ERG cells was previously reported (8) , and all other ChIP-seq data sets can be found in the Gene Expression Omnibus under accession number GSE86232.
RNA-seq and analysis
Total RNA from three biological replicates of RWPE1 cells expressing ERG-S96A was isolated using RNeasy kit (Qiagen) according to the manufacturer's protocol. Total RNA was DNase-treated with RNase-Free DNase set (Qiagen) according to manufacturer's protocol. Next, poly(A) containing RNA was purified using oligo(dT) beads (Invitrogen). cDNAs of poly(A) selected RNA was generated with SuperScript III reverse transcriptase enzyme using random hexamers (Invitrogen). Second strand synthesis from cDNAs was carried out with E. coli DNA ligase and E. coli DNA polymerase I (New England BioLabs). The double-stranded cDNAs were sheared to ϳ150 nucleotide fragments using a Diagenode BioRuptor, and the size was confirmed by DNA gel electrophoresis. Following shearing DNA, the library was prepared as described under chromatin immunoprecipitation protocol. Differential gene expression analysis was carried out with Tuxedo Suite RNA sequencing pipeline (36) . Sequence reads obtained from an Illumina sequencer was mapped to the human genome (hg19; UCSC)
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using Bowtie2. Differential gene expression was determined using Cuffdiff. RWPE1-vector and RWPE1-ERG data sets were previously reported (8) . RWPE1-S96A and RWPE1-S69E data are available at Gene Expression Omnibus accession number GSE86232.
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